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SUMMARY Inclusion of a pig aorta in an artificial circulation with pulsed blood flow allowed correlation of minute distance, measured in the aorta by Doppler ultrasound, and absolute blood flow, measured by timed blood-volume collection. The correlation coefficient was 099 with a standard error ofprediction that was 5 4% of the minute distance predicted at a standard flow rate of 5 litres per minute. The horizontal distance between 95% confidence limits for a single prediction expressed as a percentage of 5 litres per minute was 33%, and this corresponded to the range of flow rates of 1 65 litres per minute that could give rise to the same measurement.
In 142 patients duplicate measurements ofminute distance were made with repositioning of the ultrasound transducer between recordings. The mean difference between paired readings, expressed as a percentage of the average (SD) of each pair was 5-4 (4 7)%. Thus, the non-invasive measurement of linear cardiac output by Doppler ultrasound is similarly reproducible in vitro and in vivo and compares favourably with the measurement of volumetric cardiac output by thermodilution.
Non-invasive methods of measuring cardiac output using Doppler ultrasound have recently become available,' 2 leading to the development of the concept of cardiac output as a distance.3 Before measurement of linear cardiac output can be used with confidence, however, comparison with conventional volumetric cardiac output is needed. A newly introduced technique even if it is intrinsically highly reproducible may appear to perform badly if compared with a reference method that is unreliable. 4 We have described a method of assessing the accuracy and reproducibility of blood flow measurement by thermodilution using an artificial circulation in which absolute flow rate can be measured.5 From the regression between the measurement of blood flow rate and its absolute value, the horizontal distance between the 95% confidence limits of a single prediction was calculated. This represented the range of flow rates that could give rise to an identical measurement; a change of flow rate has to exceed this figure to give rise to a change of measurement with 95% certainty.
In this paper we describe how by incorporation of a Requests for reprints to Dr John M Rawles, University Department of Medicine, Aberdeen Royal Infirmary, Foresterhill, Aberdeen AB9 2ZB.
Accepted for publication 17 September 1985 pig aorta into the artificial circulation we were able to correlate absolute and Doppler ultrasound measurement of blood flow to give an assessment of the latter method's reproducibility and ability to detect a change of flow rate in terms directly comparable with thermodilution.
The reproducibility of linear cardiac output measurement made by Doppler ultrasound alone was also assessed from paired recordings in patients.
Methods

DOPPLER MEASUREMENT IN VITRO
An aorta was dissected from a large pig and after its side vessels had been tied off it was incorporated at point "C" into the artificial circulation previously described. was 4 1 %, and the correlation between differences in minute distance and differences in heart rate had a coefficient of 0-4 (p < 0001); the proportion of variance in paired minute Cdistance measurements that may be attributed to changes in heart rate is therefore at least 16% .
There is no consistent trend between the first and second measurements, except for peak aortic blood velocity which fell by < 1% (p < 0 05). Heart rate increased by < 1 beat per minute (p > 0-05). The mean beat-to-beat coefficient of variation is least for peak aortic blood velocity and greatest for stroke distance and is less than 10% in all cases.
REPRODUCIBILITY OF DIGITISING DOPPLER RECORDINGS
Some of the differences between paired measurements could arise when the recordings are digitised and variability from this source is indicated in Table 2 . Reproducibility is summarised for peak aortic blood velocity, heart rate, and stroke and minute distances for two observers who respectively digitised 50 and 60 recordings on two occasions. Reproducibility of heart rate measurements was < 10%, and that of the stroke and minute distances was about 5%. 
of stroke distance and heart rate gives minute distance; stroke and minute distance are linear equivalents of stroke volume and cardiac output respectively.
There are three assumptions implicit in the method. Firstly, that stroke distance used in the calculation is representative of blood flow as a whole, as it would be only if the flow profile were flat. Since the flow profile in the aorta is skewed this assumption is only approximate. The second assumption is that total stroke volume passes the point at which stroke distance is measured. This too is not the case since a proportion of stroke volume enters the coronary circulation from the aortic root and a larger proportion is lost to the head and neck before velocity is measured in the aortic arch. The third assumption is also unwarranted; this is that the aortic cross section has a regular geometrical shape whose area can be readily calculated and that this remains constant throughout the cardiac cycle. Nevertheless, despite these three approximations it has been shown that there is close correspondence between stroke volumes determined in this way and by conventional invasive methods.
MEASUREMENT OF CARDIAC OUTPUT BY DOPPLER ULTRASOUND ALONE
Thus, stroke volume approximates to the product of stroke distance and aortic cross sectional area or stroke distance approximates to stroke volume divided by aortic cross sectional area. Stroke distance is therefore related to stroke index; both are unidimensional, and both are corrected for variation in body size; the former in effect by division of stroke volume by aortic cross sectional area, the latter by division by body surface area. Stroke distance would therefore be expected to be proportional to stroke volume within subjects, 3 -16 to be independent of body size,2 and its product with heart rate (that is minute distance) should provide an absolute measure of cardiac output. Gisvold and Brubakk obtained a coefficient of variation within subjects of 6-11% for all velocity measurements in the aortic arch. " Gardin et al used a. range -gated Doppler ultrasound technique to measure blood flow in the ascending aorta.'9 Reproducibility of measurement of the Doppler records was 2-5% for peak aortic blood velocity, 1 9% for ejection time, and 3-2% for the flow velocity integral or stroke distance, the latter being calculated from electronic measurement of the former without planimetry. Day to day reproducibility was 3-8 (3-1)% for stroke distance. Hatle McLennan, Haites, Mackenzie, Daniel, Rawles pressure fell resulting in reduction of the cross sectional area of the pig aorta and a less than -proportionate fall of velocity and the velocity-integral. Thus, when a flow rate of 5 litres per minute was halved, minute distance was reduced to 57% of the initial value; the predicted value of minute distance for zero flow was 572 cm. Light has calculated that if in man the same reduction of cardiac output from 5 to 2-5 litres per minute is accompanied by a fall of systolic blood pressure of 45 mm Hg, aortic blood velocity would fall to 58% of its previous value.21 This suggests that the compliance of the pig aorta used in vitro is similar to that of the aorta in intact man.
The extent of the influence of blood pressure on aortic blood-' velocity needs clarification. In hypertensive patients aortic blood velocity is reduced compared with normal controls,6 but this could be due either to an increased aortic arch diameter22 or to reduced cardiac output,23 both of which have been demonstrated in hypertension. In non-hypertensive normal subjects aortic blood velocity was independent of blood pressure.2 In dogs aortic diameter correlated with cardiac output, but the graph relating cardiac output (measured as the product of aortic cross sectional area and systolic velocity integral) and absolute flow rate went virtually through the origin.'2 It seems likely then that fluctuation of blood pressure within the norrmal range has little effect on aortic blood velocity, but the ability of aortovelography to detect a fall of cardiac output is slightly reduced by any large accompanying fall of blood pressure. 
CONCLUSIONS
